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For an urban area to be sustainable, its resources cannot be depleted 
faster than they can replenish.  If an urban area is to provide a high quality of life 
(QOL), it must offer and maintain an amenity package that satisfies its resident’s 
preferences.  Past studies on these topics all have a common thread: 
sustainability and QOL both pertain to people’s relationship to capital. Capital is 
something that can accumulate and add value to a person or society. If 
sustainability and QOL are a function of people’s relationship with capital, how 
they use it, deplete it, replenish it and transform it into something else is 
important to know.   
Using the system dynamics method for understanding complex problems, 
I model the relationship between people and capital and illustrate how capital 
levels determine migration in and out of an urban area. The most common forms 
of capital affecting urban systems are economic, natural, human and social 
capital. Previous models that incorporate two or three of these stocks helped 
inform the structure of this model. However, no model includes the dynamics of 
all four forms of capital. I build upon these models to provide a more 





historic examples of urban decline and re-growth, I explain the implications and 
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 The purpose of this study is to examine the relationship between urban 
sustainability and quality of life (QOL).  Over 50% of the world’s population now 
lives in urban areas, and both that fraction of the world’s population and the total 
number of people living in cities is expected to continue increasing (McGranahan, 
et al., 2005). Closer analysis shows many American cities are losing population 
to other cities or outlying suburbs.   Place based rankings determined by both 
subjective and objective measures have identified, for example, that areas such 
as Cleveland, Ohio and Detroit, Michigan are low on desirability (Taylor, et al., 
2009; Bradbury, Downs & Small, 1982). 
 This study examines which factors and feedbacks might govern people’s 
migration in or out of a particular city.  I assume people are free to move from 
place to place, and do so as a result of preferred conditions in another city. In this 
thesis, I investigate what conditions spark people’s desire to move and what 
would they look for in a new home.  Then, if these conditions are met, are they 
sustainable?  This study approaches these questions by summarizing the 
amenities of an urban area as different forms of capital: economic, natural, social 
and human. Sustainability and QOL, therefore, are a function of people’s 
relationship with capital: how they use, create and transform it into something 
else.  By evaluating capital levels, the services they provide, and estimating an 
average citizen’s preferences, I have an objective and subjective way to evaluate 






 In this paper, I model people’s relationship with different forms of capital 
and the influence different forms of capital have on each other using system 
dynamics modeling.   I monitor the accumulation of different forms of capital to 
evaluate sustainability and use the distribution of capital among the current 
population as proxy for quality of life.  In the first chapter, I define sustainability 
and quality of life and discuss how it has been measured in previous studies. 
Then, in chapter two, I discuss the system dynamics approach to problem 
solving.  Chapter three is a description of the system dynamics methodology and 
my approach to applying it to population trends.  Chapter four describes the 
histories of three test cases used to validate the model.  Chapter 5 contains a full 
description of the system, synthesizing expertise from urban planners, 
sociologists, economics and ecologists.   Finally, I will report on the use of my 
model in urban dynamics analysis and conclude with a discussion of weaknesses 












According to urban sociologist Harvey Moloch (1976), a city’s primary 
economic and political goal is growth or expansion.  We often measure such 
growth by a city’s population levels.  As Figure 1 shows, this is precisely what 
cities worldwide have achieved. This trend indicates that a more desirable set of 
amenities exist in cities compared to rural areas.   A high concentration of people 
in a small area poses threats to social, environmental and economic welfare. A 
growing population puts additional stress on these systems, and if these risks are 
not managed properly, the long term sustainability and desirability of a city is 
likely to slip (McGranahan, et al., 2005). 
Understanding the structure that governs the change in urban populations 
is the first step toward understanding how urban sustainability and quality of life 
might be managed. And therefore, in this study, I will focus on the relative 
attractiveness based on quality of life and sustainability indicators that dictate 








Figure 1: Growth in urban populations over time, future growth projected 
to 2030 
 
Looking at a population trend without looking at other indicators of quality 
of life will not provide an understanding of how livable or sustainable that city is. 
Instead, an analysis must include the specifics of both the people and their 
environment, for example, how productive, wasteful, and cooperative they are.  
In this work, I use a system dynamics modeling to explain and illustrate these 
components and how they are interconnected to explain why some cities, like 
Minneapolis - St Paul for example, have had more success retaining an 
economically productive population than other pre-industrial Midwestern    

































































































Past and Predicted Percent of Population 





Urban Populations Overtime 
  
Consider the historic population trends of these American cities. As we 
see in Figure 2, each of these Midwestern cities experienced rapid growth 
followed by decline. There are subtle differences in the timing of each city’s 
growth and decline as well as the level of recovery in population levels. If growth 
is indeed the primary goal, it would seem each of these cities is failing. I argue 
that this is not the whole story, and that by understanding and analyzing the 








































































































































better prepare future cities on the verge of decline from suffering the same 
downward fate Cleveland has experienced. 
Therefore, the goal of this study is first to describe the structure underlying 
urban population change as a function of the sustainability and quality of life the 
area offers and second to identify policy levers for promoting long term social and 
environmental viability.  Sustainability is often viewed as a luxury of the wealthy 
(Campbell, 1996).  Some go as far as to find ―sustainable development‖ and 
―economic growth‖ as synonymous (Woodwell, 1998).  However, economic 
decisions need to be made within the context of the social 
desires of residents and limitations of the environment 
(Levett, 1998).  A purely economic focus limits people’s 
ability to bring social and environmental concerns into an 
examination of sustainability and livability.  I argue that 
viewing an urban area as a place that accumulates and 
distributes multiple forms of capital provides a richer basis 
for understanding sustainability and QOL issues.  
Discussions about sustainability and quality of life have a common thread 
(a full review of the literature in the following chapter).  Implicitly or explicitly, 
sustainability and QOL both pertain to people’s relationship to capital (Figure 3). 
Therefore, examining how people use, deplete, replenish and transform capital 
can help identify points of leverage for promoting sustainability.  I use the term 
―capital‖ to mean something that can accumulate and add value to a person or 
Figure 3: Interaction 
between people 





society. Later sections expand this definition and highlight four different forms of 
capital in greater detail. 
 
2.1 Sustainability 
Sustainability, or sustainable development, is commonly defined as 
―development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs‖ (World Commission on 
Environment and Development [WCED], 1987).  Resources should be used as 
needed for present needs, but not faster than they can naturally regenerate to be 
available for the future (Wackernagel et al, 2006). For example, ground water 
should not be taken from the ground faster than rain can replenish it, forests 
should not be cut faster than they can regenerate and farming should not be 
performed at a rate that degrades the nutrients in the soil.   
The United Nations Conference on Sustainable Development promotes a 
framework for sustainable development that emphasizes a three pillar approach 
to institutional reform:  economic development, social development and 
environmental protection.  ―Poverty eradication, changing unsustainable patterns 
of production and consumption and protecting and managing the natural 
resource base of economic and social development are overarching objectives 
of, and essential requirements for, sustainable development‖ (Johannesburg 











Growth and Efficiency 
There are a number of ways to illustrate the relationship between the three 
pillars (Cato, 2010).  For example, Campbell (1996) discussed the intersection of 
environmental, economic, and social pillars as it applies to the field of urban 
planning in a ―planner’s triangle.‖  In this modification of a ―three ring‖ framework 
(Cato, 2010), illustrated in Figure 4, sustainable development is the equitable 
balance of the physical, social, and economic environment.   This figure places 
sustainable development in the center of equally important economic, social, and 
environmental sectors of a city to signify their equal importance (Cato, 2010).  
Stakeholders from the fields of public health, business, planning, and 
environmental protection fall somewhere along this spectrum of priorities and 
their position shapes the lens through which they see a city (Campbell, 1996). 
Campbell’s inclusion of the resulting societal conflicts illustrates the 
tensions keeping us from fully realizing sustainability. Another popular framework 
is a Russian Doll structure, depicted in Figure 5, which adds a different 




















dimension by illustrating the embedded nature of the sectors (Levett, 1998; Cato, 






Levett (1998) proposes two advantages to thinking about sustainability as 
embedded systems rather than independent realms. First, society and the 
economy would not exist without the life-supporting services provided by the 
environment. Second, he argues the economy - its institutions and behaviors - 
are all a social construct and thus fit within the society sphere. Because the outer 
sphere, the environment, has physical limitations, it therefore binds the inner 
economic and social spheres (Cato, 2010; Daly, 1990).    Levett warns against 
using the term ―balance‖ in discussions of sustainable development but argues 
sustainability is a reconciliation of quality of life and environmental limits.  
Economic priorities cannot be weighed equally against environmental priorities if 
the economy is pushing beyond the boundaries of environmental capacity. 
A common method for operationalizing sustainability is using an 
Ecological Footprint measurement. This measure addresses the question, ―how 
much of the regenerative capacity of the biosphere is being occupied by human 





activities?‖ (Wackernagel, et al., 2007, p.1)  It is measured as global hectares 
(gha) of biological capacity, or biocapacity.  Biocapacity captures the total 
production capacity of a hectare for a given year (Wackernagel, et al., 2007).  
Measuring in area is appropriate because ―life happens on surfaces,‖ write 
Wackernagel, Wermer and Goldfinger (2007, p. 1), and ―hence, surface areas 
matter, and most resource and waste flows can be measured in terms of 
biologically productive area necessary to maintain these flows.‖  
Different land types have different biocapacity.  Adding them provides an 
aggregate total global productivity. Each country’s biocapacity is computed 
looking at the resources available within their borders as well as the waste 
demands (Wackernagel et al, 2006). By comparing the population’s material 
standard of living or the demand (ecological footprint) per person to the area’s 
biocapacity, the result is either a reserve or deficit of natural capital 
(Wackernagel et al, 2006). For example, the United States imports biocapacity to 
meet the demands of the population.  In 2010, the US had a population of 291 
million with an average ecological footprint of 8 gha/person.  Our biocapacity, 
however, was only 3.9 gha/person, creating an ecological deficit of 4.1 
gha/person (National Footprint Accounts, 2010).  This is indicative of 
unsustainable practices where the economy and society are pushing beyond the 
environmental sphere’s limitations. 
A city has many important roles to fill.  ―The city needs to meet social, 
environmental, political and cultural objectives as well as economic and physical 





economic growth as their central focus and have in turn created a ecological 
deficit.  This indicates an unsustainable, though high quality of life.  Is there a 
way to sustain or improve QOL without sacrificing long term longevity of a place? 
In the following section, I review quality of life studies and indicators to prepare 
for a discussion on how I measure it in this study. 
 
2.2 Quality of Life 
Quality of Life (QOL) is ―meant to represent either how well human needs 
are met or the extent to which individuals or groups perceive satisfaction or 
dissatisfaction in various life domains‖ (Costanza, et al. 2006, p. 268).  QOL can 
be studied from a number of different angles and at different scales. Rogerson 
(1999) reviewed 20 years of QOL research to find the most commonly cited 
research dimensions.  He went on to categorize the studies based on their 
conceptualization of QOL.   Figure 6 illustrates the three main conceptualizations 
and how they are related. 
 To the left, studies that fall into Type A are characterized by their focus on 
objective environmental conditions. To the right, studies under Type B focus on 
the characteristic of people, and studies found under Type C evaluate 








QOL studies that fall into Type A are objective measures of the quantity 
and quality of environmental attributes.  A company may evaluate the 
environment based on access to resources, proximity to markets, growth 
potential and other means of production (Rogerson, 1999).  An individual may 
look at the parks and community space per capita, weather, or certain well 
represented services, like health facilitates (Sawicki, 2005). 
Type B looks at the characteristics of the residents.  An early 
congressional report from the US Department of Health, Education and Welfare 
(1970) focused on health and illness, social mobility, income and poverty, public 
order and safety, learning, science and art, participation and alienation (Sawicki, 
2002).   Other common objective or social indicators include high school 
graduation rates and volunteerism.  These measures have the benefit of being 
easily quantified.  Diener and Diener (1995) found measuring the wealth of a 
nation is so strongly correlated with other social indicators (such as infant 
mortality and literacy) they raised the question whether anything other than 
economic measures was necessary.  Despite the strength in these correlations, 





Diener and Diener (1995) proceeded to compare countries of similar economic 
status that vary widely in QOL, concluding that other indicators are indeed 
necessary for estimating QOL.  Therefore, social indicators are widely used 
today in conjunction with economic indicators to provide a more robust look at 
social wellbeing (Bognar, 2005). 
Type C is the comparison between Types A and B (Rogerson, 1999). For 
place based indicators to be relevant, they must be perceived by residents to be 
important, thus fulfilling some aspect of their quality of life (Sawicki, 2005).  ―It is 
of course possible to live in a healthy environment and not be happy or satisfied 
with one’s life‖ (Egger, 2006 p.1234). Because what one resident values may 
differ from another, an urban area should be evaluated both in terms of its 
objective qualities as well as its residents’ perception and appreciation for those 
qualities.  Also, when polled, individuals often indicate their ―most important 
problem‖ is a quality of place (QOP) or sustainability issue. These two 
approaches, subjective and objective measures of QOL, are addressed in more 
detail below.    
Subjective well being (SWB) studies are ―concerned with individual’s 
subjective experience of their own life‖ (Diener and Suh, 1997) and seeks to 
understand ―people’s happiness or life satisfaction‖ (Bognar, 2005 p. 563). While 
this is harder to capture, it is an important to consider and is highly indicative of 
reality when used in conjunction with objective social indicators. Levett (1998 p. 
200) argues, ―objective’ proxies are only valid in so far as they reflect people’s 





sense of the state of a community, but also on the satisfaction of preferences 
among citizens. ―The basic premise of SWB research is that in order to 
understand the well being of an individual, it is important to directly measure the 
individual’s cognitive and affective reactions to her or his whole life as well as to 
specific domains of life‖ (Levett, 1998 p. 200).   
While the strength and stability of the economy is often cited as a major 
indicator of quality of life (QOL), it certainly does not tell the whole story.  
Elements of social cohesiveness, health, and education also weigh heavily on 
people’s standard of living and how high they rate their personal well being. 
(Diener and Suh, 1997; Bognar, 2005). As Jeremy Bentham wrote in 1789, ―the 
best society is one where citizens are happiest‖ (Schalz, Ackbaro and Kapmeier 
2007).  
 The concept of QOL has been applied to urban areas, and many cities 
have used some measure of QOL in marketing attempts to grow the population 
and attract businesses. The United States is largely a service based economy 
which means firms are highly mobile.  Therefore, maintaining an amenity 
package that satisfies residents is more important than ever to community 
stability (Rogerson, 1999).   Rogerson’s (1999) review revealed quality of life to 
be major element of city competitiveness, influencing the migration of people and 
capital. Because the quantity of humans requiring resources from the urban 
environment is a major determinant of sustainability (Wackernagel et al, 2006), it 





Therefore, to understand urban sustainability, the drivers of population 
change must also be understood.  If population change is the main pressure on 
urban resources, understanding the drivers of in and out migration is also critical. 
This review provides the foundation for operationalizing the complex relationship 








APPROACH AND METHODS 
The multifaceted nature of urban systems is managed by having a number 
of departments and committees focusing on specific domains. As discussed in 
Radzicki and Seville (1993), despite frequent interaction, these segmented 
groups may have little knowledge of their exact influence over each other. 
Therefore, an appropriate approach to urban problems must be able to bring 
together expertise of many subsystems and organize them in a usable and clear 
way. 
System dynamics modeling recognizes the world as a highly complex, 
interconnected system.  Within the discipline are tools for addressing complex 
problems that exist over long time frames (Sterman, 2000). By taking a holistic 
approach to better understand complexity, policy decisions can be better 
informed to better serve the long term needs of stakeholders (Sterman, 2001). 
System dynamics is based on the philosophy that the structure of a 
system causes the system’s behavior. Thus, to understand the behavior, one 
must have a thorough understanding of the relationships between the system’s 
components (Richardson and Pugh, 1989; Sterman, 2000; Stave, 2003). The 
system dynamics approach, ―represents a way of understanding reality that 
emphasizes the relationships among a system’s parts, rather than the properties 
of the parts themselves‖ (Hjorth and Bagheri 2006, p. 79).   
The steps of the modeling process are as follows (Sterman, 2000): 
1. Define the problem 





3. Develop the model 
4. Build confidence in the model 
5. Use the model for policy analysis 
6. Use the model for public outreach  
Defining the problem is described by a behavior over time graph of a trend 
the modeler is trying to explain, also known as the reference mode.  I am 
investigating the dynamics underlying population trends over time, illustrated in 
Figure 2.  Once the modeler understands what is causing the behavior 
witnessed, he or she can determine how best to intervene and change its 
trajectory to something more preferable (Sterman, 2001).  
Once the problem is defined, the system creating that behavior must be 
described. Behavior is a function of the structure of the system (Sterman, 2000).  
Once knowledge of this system has been gathered, a model can be developed.  
A model is a simplification of reality, taking the knowledge gained about the 
system, describing the variables involved, and quantifying their relationships.  
 As John Sterman (2001, p. 10) writes, ―just as an airline uses flight 
simulators to help pilots  learn, system dynamics is, partly, a method for 
developing management flight simulations (often based on formal mathematical 
models and computer simulations).‖ Once the model is built, the modeler builds 
confidence in the model through validity tests to show it can replicate real world 
behavior for the right reasons (Sterman, 2000).  Once it can, it can be used for 
policy analysis to help decision makers and the public make more informed 





Our ability to understand something as complex as a city to determine its 
attractiveness or sustainability is limited by the tools we employ. In many cases, 
the tool used in policy decision is mental models, experiential reasoning, or other 
imperfect representations of reality (Bagheri and Hjorth, 2006; Sterman, 2001). 
Urban issues are characterized by dynamic complexity.  The conditions of a city 
are constantly changing, contain time delays and are dictated by feedback. 
Therefore they cannot be managed with linear cause and effect reasoning 
(Sterman, 2001).  Rather, managers must understand the full effect of their 
actions, which ―alter the state of the world, causing changes in nature and 
triggering others to act, thus giving rise to a new situation which then influences 
our next decisions‖ (Sterman, 2001, p. 12).  
System dynamics provides the tools for understanding dynamic 
complexity.  Causal loop diagrams (CLD) help organize mental models and 
identify feedback loops.  There are two types of feedback loops: positive, or 
reinforcing loops, and negative, or balancing loops. Positive loops amplify 
behavior while balancing loops correct change (Sterman, 2001).  A simulation 
model takes the structural elements from a CLD and represents them as stocks 
and flows. A stock is a level of something that the modeler wants to keep track of 
throughout the course of the simulation (Sterman, 2000).  A flow can be material, 
changing the level of a stock or informational, providing cues and rates of 
material flows (Sterman, 2000). 
As urban areas grow and gain popularity, they then must compete with 





retention of people and capital (Rogerson, 1999).  I hypothesize that migrants are 
looking for economic opportunity, access to services like education and health 
care, community and diversity. However, quality of life will begin to fall if the 
resources available are not used at a sustainable rate, causing the environment 
to become unattractive and motivating the population to move. I predict this will 
cause a further reduction in investment in other community indicators such as 
social connections and human health.   
To test this hypothesis, I followed the steps detailed above to understand 
urban systems focusing on the population trend illustrated in Figure 2 as my 
reference mode.  I am seeking to understand the drivers of urban population 
growth to make policy recommendations for maintaining those attractive qualities 
without diminishing the city’s capacity to sustain the population. 
I have taken inspiration from other system dynamics models of urban 
sustainability to conceptualize how these forms of capital relate.  For example, 
Jorge A Duran – Encalada and Aberto Paucar-Caceres (2008) published a report 
on a project to promote urban sustainability in Puebla, Mexico. They used system 
dynamics modeling to capture the interaction between the social, economic, 
environmental and institutional dimensions of society. They represent migration 
rate as a function of education, health, pollutants and gases per capita, 
inhabitants per household standard level and other service levels. It is also a 
function of the number of firms opening in this city.  
Radzicki and Seville (1993) were asked to build a model of Sterling, 





They note the importance of a ―holistic approach to socioeconomic analysis‖ 
because city committees focus on specific sectors and rarely understand their 
effects on other areas, despite regular interaction (p. 483).  The nature of urban 
development creates a number of time lags where policy changes today will not 
be felt for many years. Focusing on the sectors pertinent to Sterling, the authors 
modeled the interaction between Municipal Light sector, the QOL sector, 
population and housing, fiscal, commercial and industry, school and land 
occupied sectors.  A full list of the models reviewed and their key stocks is 
described in Table 1.   
Once I understood the structure of urban sustainability from previous 
models, I determined the most commonly used stocks of capital and performed 
another literature review on how experts in these fields describe how these 
stocks are created and depleted.  The combination of structural reference and 
the expertise from the respective disciplines, I constructed a mathematical model 
of the interconnections that underlie urban sustainability and quality of life.   I 
then use the set of validation tools listed in Sterman’s book, Business Dynamics 





A major benefit to this approach is simulating policy strategies without the 
risk associated with real system intervention.  Such experiments are not practical 
in the real world due to the potential drastic costs of implementation and 
correction (should things go poorly.)  This model will help identify leverage points 
that can be pressed for the most efficient change and clarify why past policies 
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THREE CITY HISTORIES 
Let’s consider three American pre-industrial cities in the Midwest and 
compare the factors that contributed to their population growth. Specifically, I am 
interested in what caused the declines in Milwaukee, Minneapolis – St. Paul and 
Cleveland, and what was different about Minneapolis that provided greater ability 
to stabilize and begin to grow its population before the others. 
Many Midwestern industrial towns experienced a similar path of growth, 
maturation and decline.  Milwaukee, Minneapolis – St. Paul and Cleveland 
experienced rapid growth between the 1900s and the 1950s due to booming 
economies.  Abundant and fertile land and easy access via water ways 
determined the level of success when competing for industry. Heavy machinery, 
factories and other fixed and inflexible economic capital produced large profits 
when demand was high which in turn afforded a city many rich amenities.  Cities 
grew in physical size as local governments annexed as much of the outlying 
areas as possible.  But, population growth is often accompanied by growing 
problems with crowding, crime and poverty.  This motivated those with the 
means to seek kinder surroundings in the suburbs, leaving the poor to dominate 
the inner core (Hayden, 2004). 
Then, in the 1950s and 1960s, the national economy began to shift from a 
manufacturing to a service-based economy. Much of the remaining industry left 
these cities for cheaper resources in other cities or for other countries all 





cities were inflexible (Orum, 1995) and not easy to adapt to new business, 
adding to their further economic decline.  By this time, many cities were also 
landlocked by the ring of suburbs, meaning growth could not be achieved 
through increased resource or population revenue from these areas (Orum, 
1995). Population continued to drop as people were leaving the inner city for both 
suburbs and job opportunities in other cities.   
According to urban sociologist, Anthony Orum (1995), Minneapolis – St. 
Paul followed a similar path as Cleveland and Milwaukee, but with a few key 
differences that have aided in the city’s quicker stabilization and highly regarded 
standard of living.  First, it did not reach the same level of industrialization as 
Milwaukee and Cleveland. Therefore, it did not have the same high investment in 
fixed, inflexible economic capital and was therefore more able to adapt to a 
changing economy at a lower cost.   
Also facilitating its adaptability was the presence of a large state research 
university. This focus and investment in education provided a higher degree of 
human capital and a stronger job market for white collar workers than Cleveland 
and Milwaukee. This population was better prepared not only to work in new 
industries, but were the ones driving and designing the new economy (Orum, 
1995). 
Finally, Minneapolis - St. Paul was able to form a metropolitan governance 
structure that served both its suburban and urban development. This reduced the 
divide and struggle for resources that occurred between the wealthy and poor as 





successful in maintaining their downtowns, which are, to this day, considered 
highly livable. This level of cooperation was attempted but not achieved in 
Milwaukee and indicates a greater degree of social cohesion and inclusiveness 
among the residents of Minneapolis - St. Paul (Orum, 1995). 
Do these differences explain why Minneapolis – St. Paul did not 
experience the same deterioration as Cleveland and Milwaukee, as Orum (1995) 
suggests?  In the following sections, I describe the creation of my model based 
on the understanding of how the structure of city economics, culture, 
environment and education lead to its behavior and therefore its attractiveness 
and viability.  I will then use it to test whether these differences in priorities, 
investment, and social cohesion can account for the differences found between 










My study includes multiple iterations through the system dynamics 
approach to problem solving. To begin, I evaluated population and capital and 
described the set of relationships governing their behavior.   
 
 
I began with the simple representation illustrated in Figure 7 of people’s 
relationship to a generic form of capital using a causal loop diagram (CLD). This 
conceptual model shows the major feedback loops governing how a population 






























capital use will generally increase. This positive relationship is denoted by a ―+‖ 
at the head of the arrow.  If people are very productive, they could create more 
than they use. If they are wasteful or disregard limits, they will deplete the stock 
of capital before they can replenish it.  As a population grows and shrinks, 
sustainability will be determined by these rates of production and usage. A 
population must maintain a high level of productivity in order to provide enough 
capital for the population. Quality of life can be understood as the capital per 
person. If the population grows disproportionally to capital, it isn’t going to be a 
very satisfying place to live and people may leave. Or, if capital is abundant and 
people are enjoying a high level of capital, it will attract new residents, reducing 
the capital per person ratio.   The key to sustainability is to work at a level that 
provides enough capital to satisfy the population.  
For any city to experience a growing stock of people, it means the 
population of those areas were able to produce more capital than its people 
consume, and therefore maintaining a per capital level that satisfies people’s 
preferences. In this case, the ―growth is good‖ loop dominates. But, if the city 
encounters a limit which interferes with the production of capital, this value will 
fall.  The dominance shifted to the ―resource use‖ balancing loop, and reduces 
the attractiveness of the city. When this happens, the population falls as people 
seek a nicer place to live. 
This structure serves as the basis for understanding how the stocks of 
capital discussed below change with population and add or detract from the 





disaggregate the meaning of capital to capture the most relevant sectors driving 
urban behavior.  In my review of the system dynamics literature on urban 
systems and sustainability since Forrester’s Urban Dynamics (1969), I identified 
the most relevant capital forms (see Table 1).  
The most commonly used stock is population followed by economic 
capital, human development, housing, land and natural resources. This is 
consistent with the definitions used of sustainability and informed my choice of 
capital forms. Figure 8 expands upon the simple population and capital 
relationship described in Figure 3. Economic capital, natural capital and human 
capital are frequently included in models of sustainability (refer back to Table 1 
and see Appendix A for a more detailed explanation of the studies included).  
Less frequently included is social capital.  It is, however, often included in the 
theoretical literature on these capital forms and is therefore considered an 
Figure 8 Expanded interaction 





integral form of capital in my urban model. A full description of each form follows 
below with a causal loop diagram illustrating how it interacts with the population.  
 
5.1 Human Capital 
Human Capital (HC) is the accumulation of skills and capabilities that 
allow people to work more productively (Coleman, 1988; Bourdieu, 1986). 
Sociologist James Coleman (1988, p. 83) writes, ―just as physical capital is 
created by changes in materials to form tools that facilitate production, human 
capital is created by changes in persons that bring about skills and capabilities 
that make them able to act in new ways.‖  Human capital is often measured by 
educational achievement and the health of a population.  It is similar to embodied 
cultural capital discussed by French sociologist, Pierre Bourdieu (1986), who 
used the concept to explain why there was an unequal education attainment of 
children in different socioeconomic classes. He looked at the range of 
educational ―profits‖ produced in the academic market by these different classes.  
His findings did not support the idea that there is a natural aptitude inherent in 
students, but some are advantaged by the passing down of academic investment 
by previous generations.   
Coleman (1988) approaches the same theory by evaluating the 
contribution of social capital in the home to the development of human capital. 
Parents who are engaged and involved in promoting their children’s knowledge 





level of human capital, but their connection to their children is weak, their 
influence on that child’s development will be weak as well (Coleman, 1988).  
In this way, human capital formation is both a private and social activity, 
and the benefits expand to each as well. Earning potential increases as people 
increase their education and skills, and overall labor productively increases as 
well (Becker, 1964; Schultz, 1961; Birdsall et al, 1999) providing better profits to 
business and industry.  The stock builds upon itself as future generations have a 
knowledge base to grow and develop. (Vidal, 1998) 
The submodel illustrated in Figure 9 shows the relationship between 
population and human capital.  When a population increases, the demand for 
human services, such as health and education, increases as well. If that demand 
is met with the necessary support, human capital will increase. As human capital 
increases, the attractiveness of the community will increase through the spillover 

























effects that benefit the entire community (added productivity, innovative and 
technological achievements, economic growth, etc).  
 
5.2 Natural Capital 
Natural Capital (NC) represents ―the resources provided by nature that are 
in some way essential to human well-being‖ (Beddoe et al, 2009, p. 2488). The 
most distinguishing feature of natural capital is that it is not human made, and 
therefore presents a unique set of characteristics and challenges.   
First, natural capital is provided by nature and can only be provided by 
nature (O’Conner, 2000). While humans can modify natural capital, we cannot 
create a perfect substitute for it with something human-made because human-
made capital requires natural capital to create. Therefore they are complements, 
rather than substitutes for each other (Costanza and Daly, 1992). 
Second, natural capital encompasses a set of functions and systems that 
provide direct and indirect benefits for humans today and into the future. In this 
way, it represents more than a simple stock (O’Conner, 2000).  Ecosystem goods 
include food and building materials while services include water purification and 
waste assimilation.  The structure of the system drives these behaviors and 
produces these goods, and is therefore important to understand (Costanza et al 
1997).  Natural capital is an aggregate of natural resources and their life 
sustaining services.    
Finally, the loss of natural capital is more permanent than human made 





losing it forever, but also may see the life supporting processes discussed above 
become compromised as well.  A chain reaction of instability is likely to follow. 
For example, the loss of the Great Barrier Reef due to coral bleaching and 
warmer temperatures would be tragic in that a great natural wonder would be 
gone, but it means a loss of habit for aquatic life, and would not serve as a wave 
barrier leaving the shoreline exposed to the full impact of ocean waves.    
I represent these dynamics in the causal loop diagram shown in Figure 10. 
As the population increases, more natural capital is consumed, reducing the 
stock of raw materials and natural processes that sustain life.  This reduces the 
ecosystem services available per person, making the environment less attractive 
and motivating more people to move.   There is a positive loop between natural 
capital and regeneration. Nature does naturally restore itself after it has been 
disturbed. But only if the rate of regeneration is greater than consumption will this 


























Senge et al., (2000); and Chen, et al., (2006) for models of natural capital, people 
and the economy.) 
 
5.3 Social Capital 
Social Capital (SC) ―comes about through changes in the relations among 
persons that facilitate action‖ and is a less tangible form than natural or economic 
capital (Coleman, 1988, p. 83).  Personal productivity is increased with social 
capital because people benefit from the resources and assistance found within 
networks, norms, trust and other social contracts (Putnam, 1993). As people 
increase the size of their social networks their personal stock of social capital 
increases.  This is often done through group membership (Putnam 2000). Portes 
explains, ―the consensus is growing in the literature that social capital stands for 
the ability of actors to secure benefits by virtue of membership in social networks 
or other social structures‖ (Portes, 1998, p. 6). 
Social capital is a function of trustworthiness, efficient information 
channels, closure of social networks, the presence of norms and reciprocity. It 
increases the amount of organized efforts to improve quality of life, and as they 
increase, the organization is perpetuated, perpetuating these other elements 
(Coleman, 1988). As Robert Putnam (2000, p. 21) explains, ―Trustworthiness 
lubricates social life. Frequent interaction among a diverse set of people tends to 
produce a norm of generalized reciprocity.‖ Social capital is both a result of trust 





nature of social capital definitions. However, this is simple a feedback loop of 
cyclical, rather than linear cause and effect.  
 There are personal and societal benefits of social capital. For example, 
communal spaces, such as park and public transit, would be unbearable due to 
the distrust of others if we felt no connection to feel residents.  Also, without 
social capital, business would be conducted at a much slower pace, increasing 
transaction costs and efficiency (Jankauskas and Seputiene, 2007; de Blasio and 
Nuzzo, 2010).  Community efforts are much more effective when a group is 
acting in a mutually beneficial way with common objectives, values, and 
concerns for one another.  The flow of knowledge and ideas is more productive, 
and reciprocity increases the work done (Bourdieu, 1985).  
Studies also find economic benefits to social capital.  Robert Putnam 
(1993) refers to an Italian study from the 1970s where otherwise similar 
communities varied greatly in their economic stability. The root of success was 
found to be civic engagement. He writes, ―these communities did not become 
civic simply because they were rich…They have become rich because they were 
civic‖ (p. 3).  Where norms of trust and reciprocity are strong, cooperation and 
communication are easier to achieve, and democracy works for the people in an 
efficient manner.  As discussed above, Levett describes the economy as a 
creation of society. Therefore, it logically follows that a society that works 
together will also create a stronger economic foundation.  As Putnam (1993, p. 
10) emphasizes, ―social capital is not a substitute for effective public policy but 





Similar to economic capital, social capital is also complementary to human 
capital development (Putnam, 1993; Bourdieu, 1986; Coleman, 1988).   As 
discussed in the section on human capital, investing in education will be more 
effective if social capital is high in the community and in the home.   
Too much of a good thing could degrade these benefits, however.  Studies 
of social capital reveal that both very low and very high levels can be detrimental 
(Robalino, 2000; Florida 2003). High levels may increase benefits to some at the 
exclusions of others, raising entry barriers and creating high preferential 
treatment towards only one group (Dudley, 2009). 
Figure 11 illustrates the relationship between a population and social 
capital. ―As with conventional capital, those who have social capital tend to 
accumulate more‖ (Putnam, 1993, p. 4). Dudley (2009) created a model on the 
dynamics of people and social capital and helped inform my social capital sub-
model. As people move into a community, the total number of connections will 
increase (assuming every person makes at least one interpersonal connection 
within the community). The amount of connections per capita gives us a 
measures the intensity of social capital in the community. When the intensity 
increases, the benefits also increase at a diminishing rate. The costs also 
increase.  People can only maintain a certain level of interpersonal connections 
before the time and energy required is greater than the benefits received from 
the relationship (Dudley, 2009). On the societal level, the costs also rise, such as 







Figure 11 Causal loop diagram of social capital 
     
5.4 Economic Capital  
Economic Capital (EC) is an important component to a city’s economic 
productivity.  For the purposes of this study, I use economic capital to describe 
the physical infrastructure necessary to transform natural capital into goods.  This 
definition includes the factories themselves, as well as any machinery and 
technology used.  It also takes into consideration the transportation networks and 
equipment that is required for processing goods (Bourdieu 1979). Economic 
capital naturally depreciates with time and the introduction of new technology and 
will eventually become functionally obsolete. 
The degree of flexibility of economic capital determines how readily an 
industry or company can adapt to changing demands and changing market 



























―fixed‖ form of capital, meaning it was highly specialized and difficult to adapt to a 
new function (Page, 1999). Whereas ―flexible‖ capital is more common in the 
country’s contemporary, service based economy where most jobs require some 
form of computing and communications equipment and therefore does not 
require the same level of investment and retraining to switch job function or 
industry completely.  
In the economic capital sub-model (Figure 12), economic capital is 
increased by the production of products and services, a portion of which is 
reinvested into the production of more products and services.  A region with more 
economic capital has the ability to produce more per person, thus the per capita 
income rises.  This leads to a more attractive city to those seeking economic 
prosperity, and the population rises.  If that population maintains a high level of 
productivity, then they will continue to produce goods and services. 
It is also important to mention gross domestic product (GDP) in this 























measure of an area’s total production of goods and services and is a function of 
the regions amount and productivity of labor, natural and economic capital 
(Bureau of Economic Analysis, 2011).   Productivity is the output produced from 
a unit of input, whether that input is a person or form of capital.  Therefore, in the 
final model described below, units of economic, natural and human capital all 
contribute to an index that captures a more complete look at the economic 
productivity of the city. 
 
5.5 Complete Causal Loop Diagram 
Regardless the form, people interact with capital and the services it 
provides in roughly the same way. If people are productive, a stock of economic 
capital will grow. If they are efficient, they can live within the growth of capital.  If 
they interact, social connections grow, and if the supply is there, they can 
develop greater capabilities.  These capital stocks each produce benefits that 
can satisfy a certain population level, thus as population increases, that stock will 









The theory and sub-models described above expanded the relationship 
between people and capital.  The interactions between these forms of capital, 
however, are the drivers of economic growth, social equity, and environmental 







































































































































population’s relationship with each form of capital.  Connecting these ―petals‖ are 
green arrows that describe the interaction between the social, economic and 
environmental sectors of society.  
Below is a review of the feedback loops between the ―petals‖ of capital. In 
the structural description that follows, I will discuss which of these loops are 
included in the final model and which variables are considered exogenous to the 
system for simplicity. 
NC EC1, balancing: Natural capital is used in the production of products 
and services and the more there is the more can be used. The more used, the 
less natural capital stock remains. 
NC EC2, balancing: Likewise, when products and services are 
consumed, it also leads to the consumption of natural capital. This reduces the 
stock of natural capital with reduces the amount left for the production of 
products and services. As this reduces economic capital, per capita income will 
go down, making the area less attractive and reducing the population that wants 
to live there.  But, as the population decreases, demand for products and 
services will decrease as well. 
NC EC3, reinforcing: With local revenue, investment in conservation and 
restoration strategies could increase the availability of natural capital, increasing 
the material available for the production and economic capital. This is assuming 
the strategies are effective, and consumption is not outpacing restoration efforts. 
It may help stabilize the economic growth that would result from using up the 





NC EC HC1, reinforcing:  A way to make more efficient use of our natural 
capital in production is to develop better technology. If we can reduce the amount 
of natural capital we use in production, we can produce more, increase economic 
capital, and better support human development which leads to more innovation. 
EC HC1, reinforcing:  The production of products and services is a 
function of labor productivity which is derived from how capable they are, or their 
level of human development.  As economic capital grows, support for human 
development can also grow, improving human development, increasing labor 
productivity, production and increasing economic capital.  
EC HC2, reinforcing: As economic capital increases, per capita income 
increases. As people become richer, they can better afford and access human 
development services. Accessibility leads to greater human development, more 
productivity, more production and more economic capital. 
EC HC3, reinforcing:  Likewise with economic capital directly, innovation 
helps spur economic growth, leading to better economic support for education 
and health, better enabling people to be creative and innovative. 
NC EC HC2, balancing: As human development increases, labor 
productivity increases, and production of products and services increases. As 
consumption of natural capital increases with that production, the stock of natural 
capital decreases. With this decrease, the ecosystem services per person 
decreases as well.  Ecosystem services include those that improve air and water 
quality, soil fertility, etc. Thus, as these go down, the health of the community will 





SC HC1, reinforcing: When social capital per person increases, it helps 
support human development through more community and family involvement in 
school and health. As human development increases, it spills over its benefits to 
the society, making it a more attractive place to live, increasing the population.  A 
larger population leads to more connections, and more connections per person. 
However, if the connections do not keep pace with the population, the increased 
population will dilute the social capital/person ratio, decreasing the support for 
human development.   
EC SC HC1, reinforcing: As per capital income increases, access to 
human services increases. As people gain access, the level of human 
development increases. As human development spillover affects increase, the 
attractiveness of a healthy community increases, increasing the population. As 
the population increases, it increases social capital. Social capital helps making 
business more efficient and profitable by building trust, mutual dependencies, 
and access to information. Thus it increases economic capital, increasing per 
capital income. But, that rise in population also directly decreases per capita 
income, so it is hard to say, at this level of analysis, whether there would be any 
net change. 
EC SC HC2, reinforcing:  Societies with high levels of social capital run 
the risk of creating barriers to entry, discouraging creative people from entering 
(Florida, 2003). Social capital also strengthens rules and norms. If rules and 
norms become too stringent, they can inhibit creative thinking. Therefore, if social 





decreases, economic capital can stagnate and decrease, reducing the area’s 
economic attractiveness and reducing the population which increases the social 
capital/person, making the social capital more saturated and further inhibiting 
outside ideas.  
 
5.6 Structural Description 
In the structural model, I am describing and quantifying the relationships 
summarized in Figure 13 between economic, natural, social and human capital 
and the population. Below is an illustration and description of the structure of 
these subsystems. For a full list of equations, see Appendix B.  
To reduce complexity at this level of modeling, some of the variables 
treated endogenously in the causal loop diagram are made constant in the 
operational model. See Table 2 for a full list of variables by sector. 
 
Table 2 Key variables by sector 
Sector Endogenous Exogenous Omitted 

















Material standard of 
living 
Impact of wealth 
on desired material 








Social People’s ability o 
make new 
connections 
People’s desire to 
make new 
connections 
Social investment in 
HC 
Benefits of SC 
Loss of HC 
Normal connections 
per person added 
per year 
Investment in social 
capital 
Productivity units 
gained per person 
per year 
(investment) 
Impact of wealth 
on investment in 
social capital 
 
















Effects of capital 
attractiveness on in 
and out migration 








Income per person 
Population In migration 
Out migration 
 








5.6.1 Economic Capital Subsystem 
 The economic capital subsystem describes the process of developing the 
means to production – the machinery, buildings and other infrastructure needed 
to transport and transform natural capital into goods and services. The building of 
economic capital requires the use of natural capital, and therefore is a stock 
connected through and investment flow, representing the extraction of natural 
capital for the use in economic capital.  As with all forms of capital, there is also a 
depreciation rate which diminishes this stock.  Economic capital is used as an 
input to production, captured in GDP. The structural components are illustrated 





 Users can manipulate economic capital in the following ways. First, 
adjusting units per resource will affect how much natural capital is necessary to 
make a unit of economic capital. Also, the stock of economic capital can be 
affected by changing the depreciation rate.   
 
5.6.2 Natural Capital Subsystem 
To operationalize the natural capital sub-model, my hypothetical city is 
based on historic ecological footprint data.  The earliest national data available 
on the Global Footprint Network (2011) is for 1961.  I used this level as a rough 
initial level, although my population data is 1900 estimates for the city of 
Cleveland.  Since an urban area is a leaking system, much like the United States 
is, we can assume that this hypothetical city has access to resources beyond 
what it available within its boundaries. As Rees (1992) explains, ―the total area of 
land required to sustain an urban region (its ―ecological footprint‖) is typically at 
least an order of magnitude greater than that contained within municipal 
boundaries or the associated built-up area.‖ Therefore, to estimate a resource 
base, I use the total productive land for the United States, rather than the city 
specifically (global hectares, abbreviated gha).   
I use global population in the model to illustrate the proportion of 
population against resource consumption as an information piece for the user to 






Figure 14 illustrates the natural capital and economic stocks. The flows 
out of natural capital go into economic capital and a stock of products. This is the 
natural capital in use.  This flow is dictated by the amount of people in the city 
and the resource necessary to sustain them each year at a given level of material 
demand, or the ecological footprint (Rees, 1992).  There are also two inflows to 
this stock. Growth is a function of how much natural capital is left in the stock, 
and waste assimilation is the rate at which the waste created by product disposal 
and economic capital obsolescence gets regenerated or reengineered back into 
productive natural resources. 
 Users have the power to control the following aspects of the natural capital 
system.  First, there is the growth rate. Increasing this will increase the rate at 
which natural capital can reproduce. Similarly, the assimilation rate will affect the 
rate at which waste can return to usable natural capital.  Third, the disposal rate 
dictates the amount of goods and services sent to the waste stock each year.  
Finally, the material standard of living (illustrated in the GDP sub model, Figure 
17) is a function of resources per person per year, or their ecological footprint. 
This can be increased or decreased to a user’s preference.    






Figure 14 Economic and Natural Capital stock and flow diagram 
 
5.6.3 Social Capital Subsystem 
 The stock of social capital, illustrated in Figure 15, represents how many 
connections exist between city residents.  The rate at which they are added is a 
function of how easy it is and how willing people are to make new connections. 
Willingness is a function of the benefits gained through social capital 
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human health


















on production connections. The closer a person gets to the max, the more 
difficult it is to create new connections. 
Investing in social capital is a way to increase residents’ exposure to new 
people which can lead to a greater degree to interpersonal trust, reciprocity and 
the exchange of resources and ideas. Doing so increases the normal rate of 
connections. There is also a normal rate of connection loss, or the depreciation 
of social capital. This is caused by a natural ―losing touch‖ that happens between 



















































































































































































































































































































































































































































































































































































































































































5.6.4 Human Capital Subsystem 
 The human capital stock (see Figure 16) represents the aggregatel level 
of human capabilities within the community. It is an index of health and education 
(Qureshi, 2008) and is measured as productivity units. As with the other forms of 
capital, it is increased based on the level of investment and decreased with the 
depreciation or loss of capital units.  
In my model, investment comes in the form of social support. As social 
capital increases, it increases the productivity of the people.  Bourdieu (1986) 
found social capital to be the main difference between the academic successes 
of students from similar economic backgrounds.  Therefore, the economic 
investment is not a lever in my model, but rather it is assumed that if the society 
is invested, their financial support is present as well. This is assuming the norms 
of the society are pro education and health, which is not necessarily the case, 
and thus this relationship can be turned off. 
The levers available for user control are productivity units per person per 
year and the fraction of human capital lost per person due to out migration. Cities 
are inherently ―leaky‖ systems.  One example is in this human capital subsystem. 
People may leave a city to live, but still work there. In this way, they are 
contributing some portion of their existence to GDP, but not their everyday living 
purchases, home taxes, etc.  Also, a fraction of the expertise or talent is left 
behind as people leave, allowing remaining residents and future generations to 







































































































































































































































































































5.6.5 Gross Domestic Product (GDP) 
GDP is commonly used as a measure of community health and stability 
and is used in multiple system models to capture the productivity of people, 
capital and natural resources (See the table in Appendix A for the models using 
GDP). It is commonly computed using the Cobb-Douglas formulation, shown in 
equation 1 (Cobb and Douglas, 1928).   I use it here to provide a common 
economic yardstick for overall productivity of a hypothetical city. 
Equation 1:    Y= ALαKβ 
Y = total production  
L = labor input  
K = capital input  
A = total factor productivity 
In the introductory chapter of Business Dynamics, Sterman (2000) uses 
GDP as an example of how information is produced and disseminated through 
filters. Some filters are inherent (such as seeing infrared rays) and others are 
designed.  GDP counts the extraction and consumption of natural capital as 
production rather than count it as a reduction of the resource stock.  In this 
model, the amount of natural capital that contributes to gross domestic product 
is the same quantity that determines the rate at which natural capital flows from 
its original stock to the stock of goods and services.  
 As mentioned above, a user can change material standard of living 
desired constant. This reduces resource spent per person and subsequently 
GDP.  Or, a user can change the productivity of resources, which measures how 
much economic output can be gained per unit of natural capital extracted.  A user 





of technology and efficiency in the production sphere. I use GDP per person as  
a proxy for the average amount of wealth spread among the population. 
 
Figure 17 Gross Domestic Product 
 
 
5.6.6 Quality of Life and Population Subsystems 
 Quality of life is used as a measure of city competitiveness (Rogerson, 
1999) and illustrates whether the city has the amenity package desired by the 
average resident. Therefore, in my model, in migration and out migration are 






























resources per capita, connections per capita, and well being per capita.   The 
general structure is illustrated in Figure 18. 
Figure 18 Quality of Life 
 
Each of these sectors weighs differently on a person’s decision to move in 
or out of a place. As mentioned above, objective measures of a society and their 
environment are more robust when compared to the subjective preferences of a 
resident (Diener and Diener, 1996; Rogerson, 1999; Bognar, 2005). Therefore, 
the desired levels of each form of capital per person and the relative importance 
of each sector over in and out migration are constants that a user can change 
based on their preferences.  They include the following variables: 
 Normal in migration weights of SC, HC, EC, NC 
 Normal out migration weights of SC, HC, EC, NC 
 Desired EC/capita 




























 Desired SC/capital 
 Desired HC/capita 
 Desired NC/capita 
At certain levels, however, the weights will change automatically.  If the 
environment gets too far below people’s preference, its effect will take greater 
precedent over other elements of quality of life, such as social or human capital.  
These connections are illustrated in Figure 19.  This scenario may be the result 
of water shortages or water quality issues, air quality increasing illness and 







































































































































































































































































































































































































































































































































































































































































































































































































































5.7 Assumptions and Simplifications 
In order to model the complexity of urban systems, many assumptions and 
simplifications had to be made.  They are listed below and ways to strengthen 
these components are discussed in the final chapter. A full review of model ―look 
up‖ tables can be found in Appendix C. 
 For simplicity, investments are exogenous to the system.  The 
investment in additional economic capital, social capital, and the 
required inputs to added productivity come from outside the city.  
 Natural capital is drawn from the global supply. There is no 
competition from other cities included in the availability of natural 
capital, nor any pricing mechanism feedback to reduce 
consumption based on availability. It is also realistic to assume that 
with added wealth, a city could import more natural capital, but this 
is also excluded from my model. These considerations will be 
addressed in future iterations. 
 I assume an equal age distribution across the population. To 
reduce complexity, I do not include a labor fraction, but rather have 
the total population impact GDP.   
 Births and deaths are not included in the population dynamics.  In 
some extreme conditions, it can be assumed that out migration is 
accompanied by increased deaths, but for simplicity, only in and out 
migration affects the stock of population. 
  
5.8 Validity Testing  
My model is the culmination of both theoretical and mathematic 
relationships and built to represent a hypothetical, developed city. To determine 
whether the model output can be used to test policies, the model must undergo a 
series of validity tests.  The purpose of model testing is to ―uncover errors so you 
and your clients can understand the model’s limitations, improve it, and ultimately 





846). Below is a review of common validity tests and how they were performed, 
taken from Sterman (2000). 
The first test performed is behavior reproduction.  If the model is an 
appropriate representation of reality, it should be able to reproduce behaviors 
witnessed in the real system.  To do this, I referred to the histories provided by 
Anthony Orum (1999) of Cleveland, Milwaukee and Minneapolis – St. Paul.  To 
summarize the points made in Chapter 4, the story of Minneapolis –St. Paul’s 
revitalization was due to the following: 
1. It did not experience the same extent of industrialization (which 
indicates a smaller amount of fixed, inflexible economic capital), so 
there was not the same number of working class residents, but rather 
more white-collar workers who would be better prepared to work in a 
post-industrial society. 
2. There was less divisiveness between the inner city and suburban 
areas, aided by the development of the metropolitan council that 
sustained a more equitable distribution of resources between the two 
areas. This indicates a higher degree of social cohesiveness and 
support for fellow community members. 
3. There was a long term commitment of wealthy and prosperous families 
to the Twin Cities that maintained their dedication to the area despite 
its decline. 
4. Minneapolis – St. Paul had a higher degree of human capital 
















Figure 20 Historic population growth for Cleveland and Minneapolis – St. Paul 
 
In the base run, I parameterized the model to represent the conditions of a 
city that experience tremendous growth, followed by decline in their population. It 
is the trend represented by Cleveland in Figure 20.  Between the years of 1900 
and 2010, the city grew to over twice its size, only to return to almost 1900 levels 
by the end of the century. The model’s base run, labeled ―Cleveland‖ in Figure 



























Urban Populations Over Time 







Figure 21: Base run (Cleveland) and scenario based on Minneapolis – St. Paul 
 
To recreate the growth and decline of Minneapolis – St. Paul, I estimated 
approximate differences in the different capital systems and made the following 
adjustments: 
1. Decreased the initial level of economic capital by 1/3.  This estimates 
the degree of industrialization at the turn of the century between the 
two cities. As Orum (1995) reports, Minneapolis did not industrialize to 
the same level as Cleveland. 
2. Decreased the annual investment in new economic capital by ½.  
Similar to change number 1, Minneapolis – St. Paul did not have same 
industrial base which required heavy annual investment to grow and 
develop that sector of the economy. Rather, Minneapolis - St Paul was 
already transitioning into more flexible forms of economic capital, 
represented as more human capital in this model. 
3. Increased the annual investment in human capital by about 10%.  
Because Minneapolis – St. Paul had the state university, there was a 
greater investment in human capital. The population had a higher 
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neighbors like Cleveland, and therefore the model indicates a higher 
level of annual development of human capital. 
4. Increased the annual investment in social capital by .1 people/year. 
The increase in social capital, quantified by personal connections per 
person added per year, represents a few different characteristics of 
Minneapolis – St. Paul’s social structure.  First, there was the 
development of a metropolitan governing body that maintained a more 
equitable distribution of jobs, finances, and wealth between the city 
and the suburbs.  In other instances, we see a greater divide between 
political power and wealth as the inner city loses resources to the 
suburbs.  Reducing this divisiveness created a more tolerant and 
diverse community. Second, there were wealthy family businesses that 
had profound impacts on the economic development of the city.  Those 
families were loyal to the area and maintained their involvement over 
generations. 
5. Decreased the fraction of human capital lost in outmigration to half the 
base level.  Because the metropolitan area was successful in 
establishing an overarching governing body, they were able to prevent 
the leak of business and wealth to the suburbs. Therefore, the 
downtown area is still highly livable and maintains a healthy economic 
base where other cities had experienced inner deterioration. In our 
model, some of the expertise the population develops (counted as 
human capital) remains as part of systems and best practices.  
Outmigration from cities is in large part for outlying suburbs. If people 
are moving from the city to the suburbs, it is reasonable to believe that  
Minneapolis – St. Paul’s thriving downtown means more people will 
remain employed and commute in, reducing the amount of human 
capital that is lost when a person migrates away from the city.  
By making these changes, the model produces the thicker line in Figure 
21, where growth is slower than Cleveland’s, a plateau occurs around the same 
time, but the decline is not as drastic. Minneapolis- St. Paul’s population exceeds 
Cleveland’s in the 1970s, and increases toward the end of the model run. In 
future iterations, I would like to see Cleveland’s population dip lower at the end of 
the run, to recreate the return to 1900 levels as we see in Figure 21. 
Next, boundary adequacy analyzes whether the concepts central to the 
model’s purpose are endogenous to the model. The stocks and flows determine 





QOL is determined as a comparison between objective conditions 
(capital/person) and the degree to which it satisfies subjective preferences 
(desired capital/person) these elements are endogenous and exogenous, 
respectively.  Variables were omitted that did not support the purpose of the 
model or where simplifying proxies could be use. Table 2 includes a full review of 
model boundaries. 
Structure assessment was done throughout the preparation of the model 
through the reviews of theoretical and model studies on how the forms of capital 
addressed here are formed, depleted and transformed into other capital.  Every 
stage of model development was accompanied by a review of the literature to 
ensure consistency with the relationships defined by previous researchers.   
However, for simplicity, the effects of realistic delays were omitted. Therefore, the 
impacts of policy changes are felt instantly, rather than after the realistic amount 
of time.   
Many of the parameters in this model are estimates based on aggregate 
data at the national level or thought experiments based on theoretical 
relationships found in the literature. Therefore, while each of the parameters has 
real-life meaning, they are occasionally represented by index proxies (for 
example, human capital as an index of education and health, measured in 
productivity units.  An increase in productivity units per person is developed 
much the same way as years of education, and effects economic productivity in 





The following chapter includes a discussion on what future research can improve 
the validity of these parameters.   
During a series of tests using extreme values, the model did responded 
plausibly and did not break any basic, physical logic.  When natural capital 
depletes to zero, no production can occur, and GDP falls to zero as well. There is 
never a negative value for stocks along the natural and economic system of 









Though this model is only a preliminary look at the complexities of urban 
behavior, it shows there is some benefit to understanding a city as a provider of 
capital for a population of people, and understanding how people interact with 
that capital and are satisfied by that capital is critical to understanding how likely 
they are to remain invested in that place.  Lessons learned by the changing 
economy of the 1940s and 1950s should provide insights into how to manage 
future changes: how to keep economic capital flexible rather than fixed, maintain 
a high investment in human capital to be prepared for, or even to be the 
innovators of a new economy. 
Under the initial conditions based on Cleveland, OH (for complete list, see 
Appendix B), the city experiences growth for the first 45 years, followed by a brief 
plateau as illustrated in Figure 21.  The drop in population is caused by a drop in 
the attractiveness of the economy (GDP/capita) and the human capital sector 
(HC/capita).  When people begin to leave, it takes its toll on the society by the 
loss of connections which weakens the community’s investment on human 
capital.  
 
6.1 Policy Analysis 
To illustrate the potential of this model for policy analysis, I have included 
a set of potential city goals and strategies to evaluate with the differences in 





using key policy scenarios future users could employ.  Based on strategies 
presented in the literature, assumptions about the average person’s idea of 
effective policy, and my own curiosity, I have created the following list of potential 
test scenarios. I will then describe the results of two of them in the following 
section. 
1. Goal:  Grow the economy (GDP) 
Strategy: Double total factor productivity, double EC investment/year, 
double people’s material standard of living 
Hypothesis: With the growing economy, new migrants will be attracted and 
less will want to leave. A stable population will help stabilize the human 
capital stock, and help reinforce production.  
2. Goal: Live within environmental constraints (NC) 
Strategy: Reduce material standard of living by half 
Hypothesis: The society will be able to sustain a greater number of people 
for longer period of time without significantly reducing the QOL 
3. Develop a close community (SC/person) 
Strategy: Invest in social capital, increase the normal connections made 
per person per year by 50% 
Hypothesis: Greater connections will increase productivity, GDP and HC. 
This will keep more people in the city fueling consistent growth 
 
6.2 Policy Output 
In this thesis, I evaluate the results of these polices based on the output of 
key indicators of quality of life and sustainability.  The results are illustrated in 








Policy 1 seeks to increase and maintain gross domestic product. The 
strategy involved is to increase the means of production (double people’s 
demand for material well being from 5 to 10) thereby adding more resources into 
production. Then, there is an added flow of economic capital investment in order 
to handle the increased desire for material things. Total factor productivity is 
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illustrates that while this strategy initially leads to greater growth than the 
conditions of Cleveland and Minneapolis – St. Paul, the human capital 
investment is not sufficient for the population, and that stocks falls faster. Natural 
capital consumption increases throughout the run of the model, indicating an 
unsustainable use of resources (indefinite consumption cannot be sustained on a 
limited stock of resources.) Despite the continued rise in population (Figure 23), 
the cohesiveness of the community does not continue to grow, as experienced in 
Cleveland and Minneapolis – St. Paul.  
  Policy 2 is taken from the recommendations made by the creators of the 
Ecological Footprint (Wackernagel, et al 2006).  They suggest the reduction of 
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population, increasing the supply of natural capital, or increasing the productivity 
of natural capital thereby requiring less extraction to meet the same demand. 
This conservation approach can be achieved through denser living, smaller 
dwellings, less driving and energy consumption. If this is the case, this model city 
should be able to hold more people than in previous scenarios.   
For this run, I did not alter the population rates but only environmental 
factors. Resources per person is reduced by half to 2.5  The results illustrated in 
Figures 22 and 23 show that this strategy contributes to more stable growth in 
GDP and population, suggesting that Wackernagel, et al’s recommendations are 
sound and more people are able to sustain in an urban area if they require fewer 
material resources.    Social capital stabilizes after the first 20 years and human 
capital increases throughout the run of the model, with the social capital and 
financial support available. However, natural capital consumption increases 
throughout the 100 years projected, indicating that the rise in population will 
cancel out the natural capital stock conservation of reduced per capital resource 








During the writing of this thesis, the Earth’s 7 billionth baby was born 
(Newcomb, 2011).  Global population is at unprecedented levels, and the fraction 
of that population living in cities is at an all time high and expected to grow 
(McGranahan et al, 2005).  What can we do to ensure a happy, healthy and 
sustainable population in cities?  
As discussed at the beginning of this thesis, sustainability and quality of 
life are complex issues, highly interconnected, and the product of both objective 
and subjective measures of society.  The goal of this model was to examine the 
dynamics of population and quality of life in cities. Through the use of a causal 
loop diagram and structural model, I formed a hypothesis about what causes the 
behavior seen in declining cities, and looked for way to improve and sustain 
favorable conditions.   
As Egger (2006, p. 1236) writes, ―cities do not necessarily require 
population growth in order to develop. For example, over the past 50 years, cities 
such as London and Berlin have experienced population decline yet have 
managed to develop as measured by increases in their metropolitan GDP‖  
(Egger, 2006). This model illustrates that while one important indicator may be 
flourishing, such as GDP per person, other indicators, such as community 
cohesion (social capital) or health of the natural environment may be failing. 
Failing to account for these elements will undoubtedly paint an insufficient and 






7.1 Model Limitations 
Due to the level of aggregation and the assumptions that define some of 
the relationships, the model is limited in its capacity to give precise or detailed 
future trends. The model is not a prediction tool, but for understanding trends, 
leverage points, tradeoffs, relationships and best places to intervene.  Below is a 
list of limitations and suggestions for improving the model. 
This model does not capture the increasing demand for natural capital 
over time.  This is caused by what researchers call the ―treadmill of production,‖ 
(Schnaiberg and Gould, 1994) which is the continual pursuit of greater profits 
through increased production and consumption.  This is captured by reviewing 
the trend of total Ecological Footprint over time, which has risen from 2.4 to 2.7 
between 1961 and 2007.  The feedback between increased development and 
wealth and an increased desire is not included in this phase of the model, but 
could be easily incorporated into future versions. 
It is also difficult to measure sustainability based on the stock of natural 
capital computed in this model because it represents the total stock available to a 
city if the city had unlimited access to it. It does not include competition with other 
cities.  Therefore, natural capital consumption within a city is used as the 
indicator of environmental sustainability. A stronger understanding of how to 
represent the environmental conditions within a city relative to the global stock 





Other modelers have been more specific about the source of material for 
the production of goods and economic capital.  The differentiation between 
renewable and nonrenewable natural capital provides a more accurate account 
of limits. At this level of aggregation, this difference was not included. 
In reality, policies do not immediately take effect. Likewise, changes in the 
system such as the investment in human capital or social capital would see the 
impact to their respective stocks years after they are done.  Delays in the system 
are not included in this model.   
Another common form of capital included in sustainability discussions is 
technological capital. Adding this stock and the dynamics of how it changes can 
better capture how other changes are achieved, for example, a faster growth rate 
of natural capital and total factor productivity in production. 
Sustainability is difficult to define and measure due to the need to assign a 
time limit and can only be measured in hindsight. The most accurate time frame 
is measuring whether a stock can sustain indefinitely, but this model only projects 
100 years into the future. Extending the run time further would give a more 
accurate, yet still insufficient estimate of sustainability.   
Assumptions and non-linear relationships (full list in Appendix C) are not 
based on data, but thought experiments and theoretical understanding of how 
these relationships work.  I would like to survey others to see how people’s 







7.2 Opportunities for Future Research  
Once I feel confident in the model’s ability to replicate real world behavior 
and can address the weakness addressed above, it is my intention to use the 
model for more thorough analysis of other scenarios and policy options for cities 
in decline.  My focus for this thesis was so heavily placed on learning about city 
systems and the modeling process that use and analysis is still the weakest part 
of this paper and my personal skill set.  While perhaps weak in execution at this 
stage, this line of research is rich in potential.  
Given the opportunity, I would like to see some of the missing feedback 
between wealth, technology and natural capital integrated into this model.  It 
currently does not address issues of accessibility associated with wealth 
distributions and therefore falls short of clearly communicating issues of equity. I 
would like to see these areas explored, either in ways to integrate them into the 
model’s computations, or in the development of discussion points to better inform 







LITERATURE REVIEW TABLE 











 Level of human 
development 
 Capital 
 Public debt 
 Increasing education and 
health expenditure increase 
service, increase level of 
human development, 
increasing employment and 
productivity, gdp and income, 
going to increase taxes and 
revenue to support these 
expenditures. 
 4Also decreases deaths 










 Human development 
 Challenging the trickledown 
theory, that economic growth 
will produce universal 
benefits to all. 
 Only when human 
development expenditure in 
increased is hd increased, 
even if the economy grows a 
















 Services and GDP 
 State products 
 State revenue and 
spending 
 Require investment in R&D 
to attract and retain 
knowledge based firms, while 
also providing the skills 
necessary for the population 
to work in those industries 












 Quality of life 
 Population and 
housing 
 Fiscal 
 School  
 Land fraction 
 Commercial and 
industry 
 
 Started with URBAN1, 
simplified version of 
Forrester’s Urban Dynamics 
model 
 One example: in-migration 
formulations influenced by 
the labor force-to-jobs ratio, 
low, in migration increases, 
but in Sterling, most people 
work elsewhere, migration 
forces had to be adapted 
appropriately 
 QOL was a main in 
migration mechanism, 
influenced by crowding from 
pop and structures, ratio of 
commercial and industrial 
structures, tax rates.  
 2 main components of 





of tax rate to expected tax 
rate, and service fulfillment 
ration (ratio of town services 
to expected town services) – 
like education 
 Often tax satisfaction falls 
when rates go up, but service 
satisfaction rises because the 
taxes are going to something 

























(Water, air pollution 
solid waste) 
 Institutional (land) 
 Model tracks people 
through different age groups 
and working status, in 
migration function of 
pollutants per capita, gases 
per capita, opening firms, in 
habitants per household 
standard, education service 
level, health services level, 
other services level 
 Transportation: firms 
opening and new jobs effects 
# cars on the road, affecting 
congestion and noise 
 Water available is a 
function of what’s being 
consumed by homes, firms, 
schools, and health care 
facilities and the supply is 
decreased by the amount of 
ground coverage these 
buildings take up, reducing 
infiltration of rainwater 
6 Alfeld (1995) 
Lowell 





, ―create a 
consensus for 
action‖ 




 refurbishing old 
manufacturing plants to make 
way for new business and 
create new jobs 
 rehabilitation of old 
neighborhoods to keep 
affluent from leaving town 
  









 Urban aging: 
 Housing by age 
 Business structures 
by age 
 Population by 
socioeconomic class 
 Model called for the need 
for stabilizing and expanding 
the lower-income 
employment base, emphasis 
on education and that the old 
housing sock needed to be 
conserved and rehabilitated 
so that it still looked attractive 
to affluent residents. Neither 
happened 
 Instead, the affluent fled to 





to their high end jobs in the 
Boston high rises, while the 
poor remained trapped in the 
inner city with little education 
or employment opportunities 











 Attracting more people 
than a place can sustain 
causes an overshoot and 
collapse, potentially ruining 
its original charm for good 
 Need a set of pressures 
that the outside community 
perceive as sufficiently 
negative (like the water 
prices for Qureshi) to counter 
the attractiveness 















 ―trading what little 
remained of its declining 
economic base for new 
apartments could only lead to 
more people , increased 
traffic, higher unemployment 
and more problems… move 
the city toward a long-term 
balance between pop and 
employment.‖ 
 ―city’s investment in its 
neighborhoods also 
encouraged private re-
investment… helped to 
stabilize both the population 
turnover and the property tax 
base.‖ 




growth of a 
small 
community to 
a city  
 Housing 
 Target population, 
families vs. retirees 
preferences 
 spacing our affordable 
housing development 
overtime, avoid filter down 
after 50 years to large slum 















 green land 
 population 
 urban development 
for building 
 transportation 
 economic growth 
  







SD with GIS, 
 Stocks: 
 R. Resources 














 Technology in 
production 
 Production lagged 
 Capital input 
 NR resources 
 Discharged volume 
of SO2 
 Discharged volume 
of COD 
 Subsystems: 
 GDP, technology in 
production, labor 
input, capital input, R 
and NR resources 









Part one – 
economic 
capital growth 
Part two - 




 Multiple land uses 
(part two) 
 Neoclassical economic 
theory: capital stock plus 
investment minus 
depreciation*deprecation rate 
(what I have)  
 GRP =total factor  
productivity * Cap*labor force 
inputs * energy inputs 
(abbreviated Cobb Douglas 
production function) 
 Population includes in 
migration and births/deaths  






in terms of 
carrying 
capacity, as 








 Water shortages lead the 
city to acquire water from 
other places, so that the 
stock of provided water goes 
up, this make makes the 
attractiveness of Tehran 
increase while making the 
attractiveness of the places 
where they got the water 
from less attractive. This 
increases in migration and 
water demand, putting the 
city in the same supply 
problem 
 Loops need to added to 
balance this trend – cost of 
water services to deter 
population growth, water 





Dudley (2004) Modeling 
social capital 
– defining it as 
the system, 







 Value of SC 
 Current benefits 
from initiative 
 Current benefits 
from stable operating 
 SC yields communal 
obligations, leads to higher 
expected level of norms, 
rules and procedures 
 Rules ratio can increase to 











 Strength and 




 Benefits of successful 
initiatives and stability feed 
back to encourage or 
balance the level of SC 
 Reciprocity, reputation, 
trust, reciprocity 










than an ideal 
state as a goal 
 Economic capital 




 Life supporting 
systems 
 4 viability loops in system: 
 Human needs increase 
demand for economic 
support, increasing 
expenditures and 
depreciation to decrease 
supply human needs 
 Economic capital is reduce 
by expenditures and dep., 




utilization, economic growth, 
income and then more capital 
 R Resources and NR 
resources support economic 
utilization, increases waste 
generation and more waste, 
returns back renewable 
resources through 
degradation process, also 
causes more pollution 
reducing life supporting 
processes, eco biodiversity, 
reducing ecosystem carrying 
capacity, reducing the 
capacity for waste 
degradation and purification, 
affecting life supporting 
systems 
 Available life services 
support supply life services, 
enhancing pop growth 
increasing demand for life 








of the shift to 
natural 
capitalism 
 Natural capital 
(biotic and abiotic 
resources) 
 Resources used in 
manufacturing 
 Products in use 
 Waste 
 
 Must increase productivity 
so we get more product out 
of capital extracted 
 Close the loop so waste 
becomes food to another 
system 
 Manufactures take back 
goods when consumers are 
done, rather than discarding 
them 
 Business must reinvest in 











 4 important 
features: 
 Relations of trust 
 Reciprocity and 
exchanges 
 Common rules, 
norms and sanctions 
 Connectedness in 
networks and groups 
 Letting people 
govern themselves 
towards what’s best 
for the society, rather 
than the pursuit of 
individual gain as 
discussed by Hardin 
in ―TofC‖ 
 
 Social capital lowers 
transaction costs of working 
together, facilitates 
cooperation, confident to 
invest in collective activity 
knowing that others will also 
do so, less likely to engage in 
unfettered private actions 
with negative outcomes, such 





 Land available 
 Business growth 
 Population 
 Housing 
 Theory of relative 
attractiveness: ―given free 
migration, no place can long 
remain more attractive than 
any other place‖ (A, 1995). 
―lifeboat‖ analogy 
 Cities naturally go through 









with the theory 
of Limits to 








 7 sectors to the 
model: 
 Technology in 
production 
 Production 
 Renewable natural 
capital 
 Non renewable 
natural capital 
 Human capital 






this model allows for 
substitution among 








 ―various combinations of 
rapid population growth, 
excessive depletion of 
natural capital, and 
stagnation in technological 
development can cause 
overshoot and collapse‖ 
 ―this model has not been 
calibrated to the data of a 
single country or region and 
is not a tool to predict future 
trends.‖ 
 Cobb Douglas Production 
function – exponents all add 
up to one, so a decline in one 
factor will be mad up by 
another. Investments in tech, 
man-made cap and human 
cap are subtracted from 
production  
 Investments in ed and skill 
increase productivity of HC, 
yield diminishing returns, 
impacts of increases and 
decreases realized 
immediately  





changes linearly with 
investment, deprecation is an 
exponential decay function, 
limited by natural capital, 
RRes consumption + NR Res 
consumption + land = limit on 
growth of manmade cap 
 Renewable natural capital 
grows in a logistic curve (S 
shaped?) 
 Non renewable – land and 
others. Upper limit on 
consumption depletion = 
exponential decay function for 
each compartment. 
Production increases more 
non renewable natural capital 
taken. 
 Tech in production is a 
scaling factor, sets efficiency, 
growth is exponential in base 
run, can be switched to linear 
 
20 Levett Urban 
sustainability -  
 Non systems  
 Russian doll rather 







– resolving the 
3 conflicts of 
the planners 
triangle 
 Economic sector 
 Environmental 
sector 
 Social sector 













 Happiness ―the 
best society is one 
where the citizens 
are happiest.‖ 
Bentham 1789. 
Measured on a scale 
1-10 
 Authors use it 
synonymous with 
SWB 
 Things money can 
buy & things money 
can’t buy. 
Expectations in the 
drivers for things 
money can by adapt 
faster 




 Questions the assumption 
that financial prosperity leads 
to happiness – cites a study 
that found that GDP and 
happiness were not 
correlated 
 Understand happiness is 
measured from a number of 
different fields, call for a 
holistic approach with SD 
 Happy people tend to have 
more friends, find jobs easier, 
find partners easier – things 
that also drive happiness 
 Psychic income: when 
constant at any level, a 
change in happiness doesn’t 
occur, only when the level 
deviates 
 Csikszentmihalyi flow: 
―people are happiness in 






 In developing countries, 
things money can buy (health 
services) may directly impact 
things money can’t buy (good 
health) 















 Consumption per 
capita 











 Traditional – desire is 
never satiated, more is 
always better, growth at all 
costs: per capital 
consumption * population 
 SWB –utility doesn’t rise 
permanently with increased 
consumption, because 
peoples habituation to their 




 Habituation balancing loop: 
when SWB utility is used, if 
the current is larger than the 
reference consumption, a 
person eventually gets used 















 Time spent 
recreating 
 Quality of life 
 Health 
 Social capita 
 Structure could 
replace ―waterway 
recreation‖ with other 
more relevant items, 
perhaps 
neighborhood, Red 
Rock, Lake Mead, 
public parks? 
 Hypotheses: perceived 
condition of natural areas 
affect amt of recreation 
 Natural areas promote 
more common space usage, 
more contact, more 
trust/social capital 
 More social support, better 
health, better QOL 
 Sense of place increases 
QOL, increased with better 
natural areas, social 
component as well 
 Didn’t find statistical 
support based on survey 
done of different natural 
areas to support all of these 
hypotheses. 
25 Ostrom, 1997 Collective 








 Increases levels of 
cooperation 
 Benefits, which can 
include better use of 
common pool 
resources  
 Promoting mutually 
beneficial habits by making it 
the norm, and collectively 









Table 3.  Economic Capital Subsystem Equations 
Variable 
Name 













Gha 1000 At start of sim, initial 










(Woodwell uses .045, but 
does not include a 
source or justification.) 
EC disposal Gha/year EC depreciation 
rate*economic 
capital 







Gha/year EC disposal Normal investment 





















The amount of 
natural capital 
extracted and used 








The normal rate of 




Capital investment is 
typically modeled as a 
percent of gross regional 
product, which increases 
with population. This is a 
simplification of that 
dynamic (Jin et al, 2009) 
Capital units Capital 
units 
capital units per 
resource*economic 
capital 
Input to GDP, 
capital units, 






0.1 It requires 10 gha to 








Table 5.  Natural Capital Subsystem Equations 
Variable 
Name 




NC consumed for EC-NC 






from Senge, P., 
Seville, D., Lovins, A., 
and Lotspeich, C. 
(2000) 
Initial NC Gha 6.7e+006 Initial stock 
available 
Scaled level of 
productive land in 
1961 
ecologicalfootprint.org 
NC growth Gha/year MAX( natural capital*NC 





from Senge, P., 
Seville, D., Lovins, A., 









NC used in 
products 
and services 
Gha/year IF THEN ELSE(natural 
capital/TIME STEP<NC 
consumption/TIME STEP, 
IF THEN ELSE(natural 
capital/TIME STEP>0, 
natural capital/TIME STEP, 









from Senge, P., 
Seville, D., Lovins, A., 





Gha INTEG(NC used in products 
and services-waste from 
products and services) 
The NC that 
are in use 
Structure adapted 
from Senge, P., 
Seville, D., Lovins, A., 














from Senge, P., 
Seville, D., Lovins, A., 




1/year .8 Rate of 
disposal 
Hawken, 2008 
Waste to NC 
ratio 





Based on relationship 
found in Jin et all 
2009. They model 
pollution as result of 
energy use increasing 
death rate.  I attribute 



















If the waste 








HC. If 100%, 
15% 
reduction in 











dmnl effect of waste on human 







Hjorth & Bagheri 









Figure based on 1961 
average ecological 
















Table 6.  Social Capital Subsystem Equations 
Variable 
Name 
Units Equation Description Source 
Social 
Capital 
















SC removed Connections/year IF THEN ELSE(social 
capital/TIME STEP>social 
capital/(natural 














SC added Connections/year IF THEN ELSE(social 
capital>max social capital, 
0, normal connections 
added each year*(1+effect 
of value on people's desire 
to create 
connections)*(1+people's 






















Dmnl social capital per 






















Dmnl saturation effect on ability 
to make new connections 








has, as they 
approach 


















































Dmnl value of SC LOOKUP(ratio 





































ratio of SC 


































































1 SC effect on HC 












Dmnl benefit effect on desire 
LOOKUP(net benefit of 















Dmnl 5 Max 
benefits a 
person can 























Dmnl speed of loss 
LOOKUP(ratio of SC per 



































to max and 















































































































Table 7.  Human Capital Subsystem Equations 
Variable 
Name 




















adjusted rate of HC added HC added 
each year 
 
HC lost Productivity 
units/year 
IF THEN ELSE((human 
capital/TIME STEP>(human 
capital*effect of waste on 
human health/TIME 
STEP)+total HC out 
migration), 
 ((human capital*effect of 
waste on human 
health/TIME STEP)+total 
HC out migration), human 
capital /TIME STEP) 











normal rate of HC 
added*SC effect on HC 
development MULTIPLIER 

























on research by 
Putnam, 1993 
Adjusted rate 
of HC added 
Productivity 
units/year 
normal rate of HC 












fraction of HC lost per 

















































level ($1) as 
it increases, it 
increases 
productivity 
up to 3x  
Rauch indicated 
that for each 
additional year of 
education in the 
population average, 
labor productivity 




Birdsall et al, 1999, 
the benefits of 
greater education 
lead to greater 
earning potential for 














Table 8.  GDP Subsystem Equations 
Variable 
Name 
Units Equation Description Source 















for the year. 
Complaint about 
its lack of 
dimensional 
analysis 
Qureshi, 2008 & 2009; 
Woodwell,1998; Guan et 




Dollar/gha .05 Normal 















Table 9.  QOL Subsystem Equations 
Variable 
Name 




of HC  
Productivity 
units/person 
human capital/island population Average HC 









































1 effect of HC attractiveness on In 
migration LOOKUP(ratio of 
desired and perceived 
attractiveness of HC benefits) 
  



























1 effect of HC attractiveness on 
outmigration LOOKUP(ratio of 
desired and perceived 




















































1 effect of EC attractiveness on In 
migration LOOKUP(ratio of 
desired and perceived 
economic attractiveness) 
  



























1 effect of EC attractiveness on 
outmigration LOOKUP(ratio of 











connections/people 100   























1 effect of SC attractiveness on In 
migration LOOKUP(ratio of 
desired and perceived social 
capital attractiveness) 
  

























1 effect of SC attractiveness on 
outmigration LOOKUP(ratio of 


































































1 effect of NC attractiveness on 
Immigration LOOKUP(ratio of 
desired and perceived 
environmental attractiveness) 
  





























1 effect of NC attractiveness on 
outmigration LOOKUP(ratio of 









Table 10.  Population Subsystem Equations 
Variable 
Name 
Units Equation Description Source 




In migration People/year ((effect of EC 
attractiveness on in 
migration*economic 
capital's weight on 
IM)+(effect of HC 
attractiveness on in 
migration*human 
capital's weight on 
IM)+(effect of NC 
attractiveness on in 
migration*natural 
capital's weight on 
IM)+(effect of SC 













capital's weight on 













capital's weight on 











1/year .07   
Normal EC 
in weight 







1 .15   
Normal HC 
in weight 
1 .25   
Normal NC 
in weight 





1 MAX(normal EC in 
weight-natural 
capital's influence 







1 MAX(normal SC in 
weight-natural 
capital's influence 







1 MAX(normal HC in 
weight-natural 
capital's influence 







1 (3*natural capital's 











1 IF THEN 
ELSE(effect of NC 






1/year .05   
Normal EC 
out  weight 
1 .4   
Normal SC 
out  weight 
1 .1   
Normal HC 
out weight 
1 .1   
Normal NC 
out  weight 





1 MAX( normal social 
capital out weight-
natural capital's 








1 MAX( normal EC 
weight-natural 
capital's influence 


















1 IF THEN 









1 MAX(normal HC 
out weight-natural 
capital's influence 






















1 IF THEN 
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